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Introduction
The steel industry produces large volumes of waste slag with huge sensible heat (at extremely high temperature >1500°C) and considerable amount of metals (Fe, Mn, V, Cr, Co, Mo etc) in oxide forms. For example, the basic oxygen steelmaking process (BOS process) generates 100 (up to 150) kg slag per tonne liquid steel at temperature up to 1650°C that contains ~25% (20% to 30%) FeO. In 2013, ~1,139 Mt steel was produced via the BOS process worldwide with ~114 Mt waste slag generated. In order to utilise the thermal energy of molten slags, three types of technologies have been reported: heat recovery as hot air or steam (Barati et al., 2011) , conversion to chemical energy as fuel (Lee and Sohn, 2014) , and thermoelectric power generation (Rowe 2006 and Nomura et al., 2010) . Over the past four decades, granulation or quenching processes are in general used for slag cooling, which are not environmentally friendly. However, no process known so far has been commercialised to recover either the huge thermal energy or the valuable metal oxides contained in the waste slags.
Currently the steelmaking slag is mainly applied in civil engineering (especially for road and waterway construction) (Pioro and Pioro, 2004) , in agriculture (fertilizer and soil improvement) (Makelaa et al., 2012) , and as raw materials for cement and concrete (Iacobescua et al., 2011) , which inevitably not only generates a number of environmental problems (high levels of alkalinity upon dissolution) (Riley and Mayes, 2015) , but also leads to the loss of the targeted metals in the oxides form (Semykina, 2012 and Semykina and Seetharaman, 2011a) .
Several metallurgical processes have been developed to recycle iron from the slags, such as directly reducing FeO in steelmaking slag by graphite and coal chars (Min et al., 1999, Teasdale and Hayes, 2005) , smelting reduction of FeO in steelmaking slag by solid carbon (Bhoi et al., 2006) . However, its implementation is constrained by unavoidable carbon footprint and large energy consumption. An alternative approach involving oxidation of divalent iron (FeO) to trivalent state (Fe3O4) in the liquid slags by air and subsequently separating magnetite from the quenched slag by magnetic separation has been proposed by Semykina et al. (2010a Semykina et al. ( , 2010b Semykina et al. ( , 2011b . This promising method may enable efficient selective recovery of transitional metal oxide from steelmaking slags, especially for the CaO-SiO2-FeO(-MnO-V2O3) bearing steelmaking slag. On the other hand, Bhattacharjee et al. (2007) and Mukherjee, T. and Bhattacharjee, D. (2007) invented a method for producing hydrogen-rich gas without generating extra CO2 emissions by using the thermal energy of molten slag from steelmaking. With this method, when water is sprayed on molten slag, thermo-chemical decomposition of steam takes place on the slag surface. Oxygen from the decomposition of steam is trapped in the slag to react with metal oxides and hydrogen is released as the product gas. Laboratory study on the slag-steam reactions was also reported by Sato et al. (2012) and Matsuura and Tsukihashi (2012) .
When the steelmaking slag is reacting with the water vapour, the following reactions described in Eq. (1) and Eq. (2) can be expected:
The ultimate aim of the authors in this paper is to develop a novel process for the energy and material recovery in steelmaking slags though integrating the heat recovery process by Bhattacharjee et al. (2007) and Mukherjee, T. and Bhattacharjee, D. (2007) with the materials recovery process by Semykina et al. (2010a Semykina et al. ( , 2011b Semykina et al. ( , 2012 . The technological sheet to effectively utilise steelmaking slag is shown in Fig. 1 . Water vapour is introduced to react with the molten slag and produce the environmental-friendly H2 gas and magnetically susceptible compounds (e.g. magnetite Fe3O4) under controlled conditions. When the slag was quenched to the room temperature, the magnetic separation technology was applied to separate the magnetically susceptible compounds and the tailing can be processed to cement (Kourounisa et al., 2007) and concrete (Devia and Gnanavel, 2014) .
The main objective of this research is to examine the production of H2 gas and the generation of magnetically susceptible compounds in the reaction between molten slag and water vapour, and the crystallisation behaviour of the oxidised slags during controlled cooling. The fundamental knowledge created in this study will be employed in the design and optimization of the novel process for energy and materials recovery in steelmaking slags by reacting molten steelmaking slag with steam.
Thermodynamic analysis

Methodology of thermodynamic calculations
The synthetic slags investigated in this work are CaO-SiO2-FeO-MnO-MgO-Al2O3 systems and their designed compositions are shown in Table 1 . Prior to laboratory experiments, thermodynamic calculations were performed using FactSage 7.0 (Thermfact and GTT Technologies, Montreal, Canada). As shown in Fig. 2 , the calculation comprises three steps of molten slag equilibration in Ar, slag-gas equilibrium, and molten slag solidification in Ar. Firstly, 100 g of synthetic slag was equilibrated at 1600℃ under Ar atmosphere in order to start with a homogenous single molten phase. Then the molten slag was equilibrated with H2O-Ar gas (0.5 ml, 100°C) resulting in condensed phases and H2-H2O-Ar gas. It should be pointed out that H2O partial pressure in the H2O-Ar gas at the start point is 1.0 for thermodynamic calculation and the saturated vapour pressure at 60 °C with the Ar flow for the experiment. This slag-gas equilibrium was repeated 200 times until the total volume of H2O-Ar gas was 100ml. In every calculation all the condensed phases such as molten slag and/or various solids from previous calculation remained in the system as the initial condensed phases in the next calculation and the produced H2-H2O-Ar gas from previous calculation was refreshed with H2O-Ar gas (0.5 ml, 100℃). It was assumed that there was no enthalpy change of the system when 0.5ml of H2O-Ar gas at 100℃ was equilibrated with condensed phases at each calculation step.
Finally, the molten slag and condensed phases in the last calculation step was cooled under Ar atmosphere to obtain magnetically susceptible compounds. For the clarity of explanation, in this paper the slag samples obtained by reacting with H2O-Ar gas at 1600℃
and subsequently cooling in Ar atmosphere are labelled as oxidised slags while the slag samples obtained by keeping at 1600℃ and then cooling under Ar atmosphere only are labelled as un-reacted slags.
In this study the commercial thermodynamic package FactSage 7.0 has been used for the purpose of predicting the trends and limits of the related reactions under equilibrium state.
As detailed below, the H2 produced and the slag crystallisation behaviour under equilibrium state have been predicted under varying conditions (the amount of H2O, slag composition, temperature, etc.). However, in actual process, these reactions are affected by various kinetic factors such as the reaction time, the reaction area of the slag-gas system, etc. This results in the extent of the studied reactions deviated from that predicted by the thermodynamic calculation. The laboratory experiments reported in this manuscript and future work aim to elucidate the effect of the kinetic factors on the H2 generation and slag crystallisation behaviour in actual process.
Calculation results
Fig . 3 shows the change in the total (accumulated) amount of H2 gas produced as a function of the volume of H2O-Ar gas introduced and slag basicity. The accumulated amount of produced H2 gas increased with increasing the slag basicity (CaO/SiO2).
However, this increase rate decreased when the slag basicity was larger than 1.5. The activity of FeO in the slags investigated in this study can be considered to increase with increasing the slag basicity (Fetters and Chipman 1941, Turkdogan and Pearson 1953) , which results in the increase of H2 gas produced (Reaction (1)). Increasing the basicity of the slags investigated in this work increases the solid fraction of the slag and consequently the FeO in liquid. The latter results in the increased amount of H2 gas production. On the other hand, the increase in the solid fraction of the slag decreases its fluidity and the Fe 2+ migration in the slag, which is not beneficial to the generation of H2 gas. As a result, with increasing the slag basicity, the accumulated amount of produced H2 gas increased but its increase rate decreases. Similar trend on H2 generation was also reported by Sato et al. (2012) and Matsuura and Tsukihashi (2012) . 
Experimental
Slag Preparation
The designed composition of the synthetic slags investigated in this work was displayed in Table 1 , then put into a platinum crucible, and heated in a tube furnace at 1600°C for 1 hour under high purity of Ar atmosphere. The temperature of the tube furnace was controlled by a program controller with an R type thermocouple, within the observed precision range of ±3°C. The pre-melted slag was then rapidly cooled to room temperature. The slag prepared by this procedure was called master slag. The master slags were pulverised and analysed by X-ray fluorescence apparatus (XRF-1800X from Shimadzu Corporation), with the composition shown in Table 2 . The composition of the master slags was close to the designed composition of the synthetic slags (Table 1) .
Experimental Apparatus and Procedure
Fig . 9 shows the schematic diagram of the experimental apparatus. It consists of moisture generator and confocal laser scanning microscope (CSLM). In the current study, the crystal precipitation event was observed optically in situ under the CSLM and recorded by VTR. The constant H2O partial pressure was obtained by continuously supplying argon gas into flasks that was placed inside a heating mantel with the temperature kept at 60℃. The gas tube from the outlet of flask to the inlet of furnace chamber was kept at 60℃ by heating tape. During the experiments the slags were processed through three successive steps: melting at 1600 ℃ under Ar atmosphere, oxidising under H2O-Ar atmosphere at 1600℃ for 20 minutes, and quenching under Ar atmosphere. Before introducing the H2O-Ar gas into the chamber, 0.1 g of the master slag was put into a Pt crucible and then heated at the hot stage of CSLM under Ar atmosphere. To ensure the slag fully melted, the sample was kept at 1600℃ under argon gas for 5 minutes and then the argon gas was switched to H2O-Ar gas to react with molten slag for 20 minutes at 1600℃. After the oxidising of the molten slag, the H2O-Ar gas was switched to Ar gas 
Results and discussion
Crystal observation and phase characterisation Fig. 10 shows the crystallisation behaviour of the oxidised slag (B=1.5) observed by CSLM at the cooling rate of 10℃/min. Fig. 10(a) and Fig. 10(b) show the morphology of the master slag (B=1.5) at room temperature and at 1600 ℃ under Ar atmosphere, respectively. The nucleus of the primary crystal phase was observed to form at 1358℃
( Fig. 10(c) ), while the second phase was observed to precipitate at 1233℃ (Fig. 10(d) ).
With decreasing the temperature, the quantity and volume of the crystal nucleus increased gradually ( Fig. 10(e)-10(g) ). Finally, the slag liquid was observed to disappear at 1115℃
( Fig. 10(h) ) and self-pulverization at 311℃ (Fig. 10(i) ). The self-pulverization ( Fig. 10(i) ) of slag was caused by the phase transformation at ~ 400℃ from β-Ca2SiO4 precipitated at high temperature to γ-Ca2SiO4. This phase transformation resulted in the volume increase by >10%, which has already been verified by the studies of Monaco and Lu (1996) and Tossavainen et al. (2007) . It should be pointed out that the crystallisation temperature of a precipitated phase was assumed to be the temperature when the crystal nucleus first came into the sight under CSLM observation although the crystal nucleus might form ahead of the observation due to the limited resolution of CSLM. Ca and Si were mainly enriched in the dark grey phase as matrix phase, while Fe was mainly concentrated in the white phase and light grey phase. Mn is mainly concentrated in the white phase while Al is mainly in the light grey phase. As shown in Table 3 , EDS spot analysis indicated that the white phase was close to Fe2.35MnO3.72 while the light grey and dark grey phases were approaching Ca2.03FeO4.30 and Ca2.01SiO4.23 respectively. Fig. 13 compares the phases present in both the oxidised slag (B=1.5) and unreacted slag (B=1.5) at the cooling rate of 10°C/min. The main phases in the oxidised slag were detected to be spinel (magnetite Fe3O4) and di-calcium silicate (Ca2SiO4) with a small amount of Ca2Mn0.34Fe1.66O5 and Ca2FeAlO5, while the un-reacted slag comprises mainly di-calcium silicate (Ca2SiO4), (MgO)0.239(FeO)0.761 and Ca2.98Mn0.02Fe1.16Al0.91Si2.93O12 with a small amount of Fe3O4. By comparing the integrated intensities of the diffraction peaks from each of the known phases, the weight fraction of spinel (magnetite) phase in the oxidised slag and un-reacted slag were semiquantitatively determined to be 37% and 6% respectively. So the reaction between molten slag and H2O-Ar gas increased the amount of magnetite phase (Fe3O4) by 31 %.
By combining the crystallisation behaviour observed by CSLM, the microstructure analysed by SEM-EDS and the phases present in the slag characterised by XRD, for the oxidised slag (B=1.5), the primary phase formed at 1358℃ (Fig. 10(c) ) can be considered as Ca2SiO4 and the second phase precipitated at 1233℃ (Fig. 10(d) )) can be considered at Fe3O4, which is in agreement with the calculation results shown in Fig.   6 . The observation results for other oxidised slags and the corresponding un-reacted slags were similar but were not reproduced here for the brevity of the paper.
CCT diagram of the oxidised slags
CCT diagram of the oxidised slags with different basicities was determined at different cooling rates and the results were shown in Fig. 14 to Fig. 16 . In general, the crystallisation temperatures of precipitated phases increased with decreasing the cooling rate, which is in agreement with the experimental results by Wang et al. (2012) . Wang et al. (2012) concluded that decreasing the cooling rate on BOF slag promoted full crystallisation of precipitated minerals. Besides, the crystallisation temperature of spinel phase (magnetite Fe3O4) increased while the temperature range for the crystallisation of spinel phase decreased with the increasing of slag basicity. For the oxidised slag with the basicity of B=1.0 (Fig. 14) , the difference in precipitation temperature between the primary phase of spinel (magnetite Fe3O4) and the second phase of melilite was observed to be very small and both phases formed at ~1200°C, and the slag liquid was observed to disappear at ~1000°C. This indicates that the temperature range for the crystallisation of spinel (magnetite Fe3O4) phase was ~200°C. Fig. 15 is the CCT diagram for the oxidised slag with slag basicity of B=1.5 at different cooling rates from 10°C/min to 50°C/min. By increasing the cooling rate from 10°C/min to 50°C/min, the crystallisation temperature decreased from 1358°C to 1315°C
for the first crystalline phase (Ca2SiO4) and from 1233°C to 1185°C for the spinel phase (magnetite Fe3O4). The disappearance of slag-liquid also decreased from 1115°C to 1060°C by increasing the cooling rate from 10°C/min to 50°C/min. It was noted that the crystallisation temperature range was ~120°C for the spinel phase (magnetite Fe3O4). For the oxidised slag with basicity of B=2.0, as illustrated in Fig. 16 , by varying the cooling rate from 10°C/min to 50°C/min the crystallisation temperature varied from 1531°C to 1510°C for the first crystalline phase (Ca2SiO4), and from 1279°C to 1254°C for the spinel phase (Magnetite Fe3O4). The slag-liquid was observed to disappear at the temperature from 1221°C to 1205°C with varying the cooling rate from 10°C/min to 50°C/min. The temperature range for the crystallisation of spinel phase (magnetite Fe3O4) was ~50°C.
In comparison with the crystallisation behaviour of the oxidised slag (B=1.5), Fig.   17 shows the CCT diagram of the un-reacted slag (B=1.5) at different cooling rates. With increasing the cooling rate from 10°C/min to 50°C/min, the crystallisation temperature of the first crystalline phase (Ca2SiO4) decreased from 1451°C to 1390°C, which is much higher than the crystallisation temperature of 1358°C to 1315°C for the oxidised slag (Fig.   15 ). The second phase observed was monoxide with crystallisation temperature varying from 1313°C to 1280°C. Unlike the oxidised slag (Fig. 15) , no spinel phase (magnetite Fe3O4) was observed to precipitate from the un-reacted slag under Ar atmosphere. The disappearance of the slag-liquid occurred at the temperature from 1159°C to 1090°C with the cooling rate increasing from 10°C/min to 50°C/min. The difference in the crystallisation behaviour between the oxidised slag (under H2O-Ar gas) and the unreacted slag (under argon gas) clearly indicates the effect of slag-steam reaction on the slag chemistry and consequently its crystallisation behaviour. The CCT diagrams provide useful information for the crystallisation control (e.g. temperature control, cooling rate control) of the expected phase (e.g. magnetite Fe3O4) for different slags, which is valuable to design correct regimes for the recovery of valuable elements (Fe, Mn etc).
Recovery ratio of H2 gas and maximum potential recovery ratio of iron oxide from oxidised slags
The different valences of iron in the oxidised and un-reacted slags were determined by chemical titration. As shown in Table 4 , for the slags with same basicity, reacting the molten slag with H2O-Ar gas at 1600°C substantially reduced the Fe Table 5 . With increasing the slag basicity from 1.0 to 1.5 and 2.0, the recovery ratio of H2 gas by reacting molten slag with H2O-Ar gas varied from 12.6% to 23.7% and 22.6%, while the maximum potential recovery ratio of iron oxide changed from 18.3% to 34.4% and 32.8%. Semi-quantitative analysis of XRD results (Fig. 13 ) also showed that the reaction between molten slag (B=1.5) and H2O-Ar gas increased the amount of magnetite phase (Fe3O4) by 31 %. Further study will be carried out to optimise the conditions for the recovery of H2 gas and iron oxides. The depth of the reacted slag in contact with H2O-Ar gas is one of the topics to be investigated. The fundamental knowledge generated from this study will provide necessary information for the engineering design to improve the recovery ratio of H2 gas and iron oxides from the slags.
Conclusions
This research confirmed by both thermodynamic calculation and experimental study that the conversion of Fe
2+
to Fe 3+ took place by reacting molten steelmaking-type synthetic slag with H2O-Ar gas. It provides fundamental knowledge for developing a novel process to recover energy (in the form of fuel gas) and materials (in the form of magnetite Fe3O4) from steelmaking slags.
The thermodynamic calculation showed that the accumulated amount of produced H2 gas by reacting molten slag with H2O-Ar gas increased with increasing the slag basicity (CaO/SiO2) from 1.0 to 2.0. By combining the crystallisation behaviour observed by CSLM, the microstructure analysed by SEM-EDS and the phases present in the slag characterised by XRD, for the oxidised slag (B=1.5), the primary phase (Ca2SiO4) formed at 1358℃ and the second phase (Fe3O4) precipitated at 1233℃. CCT diagrams for different slags at different cooling rates indicate that the crystallisation temperatures of precipitated phases increased with decreasing the cooling rate, while the crystallisation temperature the spinel phase (magnetite Fe3O4) increased and the temperature range for the crystallisation of spinel phase decreased with the increasing of slag basicity.
The recovery ratio of H2 gas and the maximum potential recovery ratio of iron oxide in the oxidised slags have been calculated by comparing the change in Fe 3+ content between the slag reacting with H2O-Ar gas and the slag under Ar gas only. With increasing the slag basicity from 1.0 to 1.5 and 2.0, the recovery ratio of H2 was found to vary from 12.6% to 23.7% and 22.6%, and the maximum potential recovery ratio of iron oxide was found to change from 18.3% to 34.4% and 32.8%. Table 1 Chemical composition of synthetic slags; Table 2 Chemical composition of master slags; Table 3 EDS analysis of different phase areas in the quenched slag (B=1.5), corresponding to Fig. 11 (b) (Atomic Pct); Table 4 Different valences of iron in the oxidised and un-reacted slags determined by chemical titration; Table 5 Recovery ratio of H2 gas and iron oxide in oxidised slags. --It indicates the amount of the elements is below the lower detection limit. 
